The disassembly and reorganization of sperm-derived structures are landmarks for the onset of embryonic development Since complete information on these events
Introduction
During natural and in-vitro fertilization (IVF), the mammalian spermatozoon encounters egg investments, such as the cumulus oophorus and the zona pellucida, prior to fusion with the oolemma and penetration into the cytoplasm of a metaphase H-arrested oocyte (reviewed by Yanagimachi, 1994) These events result in oocyte activation, a complex series of reactions which include the resumption of the cell cycle and the triggering of the mechanisms preventing polyspermy (Soupart and Strong, 1974; Sathananthan and Trounson, 1985; Sathananthan et al, 1991; Tesarik and Sousa 1994; Tesarik et al, 1994) . With the exception of rodents (Szollosi et al, 1972; Schatten et al, 1986; Szollosi and Ozil, 1991) , the fertilizing mammalian spermatozoon introduces the eentriole, a structure later serving as an organizer of the zygotic centrosome (Le Guen and Crozet, 1989 , Crozet, 1990 Sathananthan et al, 1991 Sathananthan et al, , 1996 Navara et al, 1994; Schatten, 1994; Simerly et al, 1995) . A radial array of microtubules, called the sperm aster, is formed, which emanates from the sperm centnole following its exposure to the egg cytoplasm. The sperm aster is responsible for the apposition of the male and female pronuclei, and later gives rise to the first mitotic spindle Although there is much evidence demonstrating that the zygotic centrosome is a blending of paternal (eentriole and some centrosomal proteins) and maternal (y-tubulin and other proteins of pericentriolar material) components (reviewed by Schatten, 1994) , there is a fundamental lack of information on the release of centrioles from the sperm connecting piece and on the process of sperm axoneme disassembly.
With the advent of assisted reproduction technologies, the failure of certain couples to generate fusion-competent gametes can be overcome using the method of intracytoplasmic sperm injection (ICSI; Palermo et al, 1992; Van Steirteghem et al, 1993; Tesarik et al, 1994) . Although viable offspring can be produced in rodents by ICSI (Kimura and Yanagimachi, 1995) , and although many normal babies have been born after ICSI (Palermo et al, 1992; Van Steirteghem et al, 1993) , there is still a lack of experimental evidence from a non-human model featuring a relevant mechanism of fertilization and relevant mode of centrosome inheritance. The controversy surrounding the recent report of serious chromosomal abnormalities in some human embryos conceived by ICSI (In't Veld et al, 1995) provokes investigations into the nature of pronuclear formation, centrosome inheritance and cytoskeletal rearrangement during fertilization in vitro and by ICSI in human oocytes or relevant non-human primate models. The present study describes the transformation of Rhesus monkey sperm components into zygotic structures following fertilization in vitro or via ICSI, and examines the similarities and differences between the Rhesus zygotes obtained by conventional IVF or assisted (ICSI) fertilization.
Materials and methods

Gamete collection and IVF
Oocytes were isolated from ovanes obtained by ovariectomy of Rhesus monkey females aged 13-19 years. These animals, maintained at the Wisconsin Regional Primate Research Center in Madison, were of proven fertility, and their ovulatory cycles were continuously monitored. Handling of ovarian tissue and isolation of oocytes was performed in (TALP)-HEPES medium (Bavister et al., 1983) , modified according to Wu et al. (1996) . The oocytes were matured for 48 h in CMRL medium (Gibco BRL, Gaithesburg, MD, USA) supplemented with 20% fetal calf serum, 10 mg/ml FSH-P (SchenngPlough Animal Health Co., Kenilworth, NJ, USA) and 5 IU human chononic gonadotrophin (HCG), and scored for the presence of a first polar body or germinal vesicle.
Rhesus semen was collected by penile electro-ejaculation (Bavister et aL, 1983) and liquefied for 30 min at 37°C. The sample was then washed repeatedly by centnfugation in TALP-HEPES and resuspended in 2 ml of equilibrated TALP medium under mineral oil to a concentration of 20 X 10 6 spermatozoa/ml. This suspension was incubated for 4 h at 37°C in a humidified atmosphere containing 5% CO2. Hyperstunulation was induced by addiuon of 1 mM caffeine (Sigma) and 1 mM dibutyryl cyclic adenosine monophosphate (dbcAMP, Sigma) to the suspension and incubation for a further 1.5 h. Fertilization was performed in 100 ml drops of TALP medium by the addition of 1X10 6 spermatozoa/ml. Zygotes were removed from fertilization medium at selected time points and processed for immunocytochemistry or electron microscopy as indicated below. For the ultrastructural part of this study, only zygotes penetrated by multiple spermatozoa (two to four) were used in order to increase the probability that the ultrathin sections containing fertilizing spermatozoa were produced. Since it was shown previously that each spermatozoon in polyspermic Rhesus zygotes forms a normal sperm aster (Wu et aL, 1996) , there was no concern about the abnormality of sperm aster shown by transmission electron microscopy (TEM) in this study A similar approach was previously used Strong, 1975, Sathananthan and Trounson, 1985; Sathananthan et al., 1989 Sathananthan et al., , 1996 Tesarik and Kopecny, 1989a,b) to study the ultrastructure of zygotes produced after IVF and subzonal insemination (SUZI).
Intracytoplasmic sperm injection
ICSI was performed using a Narishige MN 151 micromanipulator for the holding pipette and a motorized Eppendorf 5170 micromanipulator attached to a Narishige IM-6 injection apparatus for the injection pipette, which had inner diameter of ~10 mm (Hewitson et al., 1996) This device was mounted on a Nikon Diaphot microscope equipped with Hoffman modulation contrast (HMC) optics. For each injection, six oocytes displaying the first polar body were transferred into a 100 ml drop of TALP-HEPES under mineral oil in the manipulauon dish. Capacitated sperm suspension was diluted 1:4 in 10% polyvinylpyrrolidone (PVP, Sigma) and a 100 ml drop placed at the opposite end of the manipulation dish. A single spermatozoon was aspirated tail-first into the injection pipette and injected into the oocyte For the ultrastructura] part of the study, five to 10 spermatozoa were injected into each egg to facilitate the detection of spermatozoa in the oocyte cytoplasm by TEM. Injected oocytes were washed in TALP medium and cultured for 18 h in 100 ml drops of TALP as described for IVF.
Immunofluorescence microscopy
Fertilized oocytes were removed from culture and their zonae pellucidae dissolved by a short treatment with acid Tyrode's solution (pH 2 0). After washing and a 30 min recovery incubation in TALP medium, oocytes were attached to poly-L-lysine-coated microscopy coverslips, fixed for 10 min in 2% formaldehyde, then permeabilized in 1% Triton-X-100 for 40 min . Microtubules were labelled with a mixture of anti-P-tubulin mouse monoclonal antibody (E7, diluted 1/10, Chu and Klymkowsky, 1987) , to detect sperm aster microtubules, and a detyrosinated Glu-tubulin (Gundersen et aL, 1984) , to detect sperm tail microtubules, for 1 h. Some zygotes were incubated with a mixture of E7 and anti-Y-tubulin rabbit polyclonal antibody (dilution 1/100; Stearns et al., 1991) to detect maternal y-tubuhn around the zygotic centrosome. Following a rinse in phosphate buffered saline (PBS) containing 0.1% Tnton-X-100, the oocytes were incubated for 1 h in rhodamine-conjugated or fluorescein-conjugated goat-anti-mouse immunoglobulin G (IgG) and/ or with rhodamine-conjugated goat ann-rabbit IgG secondary antibody (all 1/40; Zymed, San Francisco, CA, USA) as specified in results DNA was detected by the addition of 5 mg/ml 4',6-diamidino-2-phcnylindole (DAPI) (Sigma) in the penultimate nnse. Coverslips were then mounted in Vectashield (Vector Lab., Burling, CA, USA) and examined by conventional and confocal microscopy, as described (Navara et al., 1994; Hewitson et al, 1996) . Final images were processed using Adobe Photoshop 3.0 software (Adobe Systems Inc., Mountain View, CA, USA) and printed with a Sony 8800 dye sublimation printer.
Transmission electron microscopy
Inseminated oocytes were examined for the presence of pronuclei, removed from fertilization drops, washed in a drop of PBS, and fixed for 2 h at room temperature or overnight at 4°C in a mixture of 2.5% glutaraldehyde and 0.6% paraformaldehyde in PBS (pH 7 3). Following fixauon, the zygotes were washed in 0.1 M PBS containing 0.15 M sucrose, post-fixed for 1 h in 1% osmium tetroxide, dehydrated by an ascending concentration (30-100%) series of ethanol washes, perfused with a mixture of propylene oxide and PolyBed 812 (both from Polyscience, Warrington, PA, USA), and embedded in PolyBed 812 Ultrathin sections were cut on a Sorvall MT2B microtome and mounted on 100 mesh copper grids, stained by a two-step method with uranyl acetate and lead citrate, examined in a Jeol 100 CX TEM at 80 kV, and photographed on Kodak black-and-white film The negatives were scanned using a Kodak Leafscan 45 image scanner and the figure plates were processed using Adobe Photoshop 3 0 software (Adobe Systems Inc)
Results
In-vitro fertilized oocytes
Like the spermatozoa of other eutherian mammals, Rhesus monkey spermatozoa underwent the acrosomal reaction upon contact with the zona pellucida ( Figure 1A ). After acrosomal exocytosis, an arrow-like projection of inner acrosomal membrane could be seen at the tip of the sperm head ( Figure 1B ,C). Figure 1 . In-vitro fertihzation (TVF) of Rhesus monkey oocytes (A) The capacitated sperm undergoes the acrosome reaction upon contact with the zona pellucida (arrow), resulting in the formation of an acrosomal spike (C) that can also be seen in acrosome-intact spermatozoa (B) At early stages of pronuclear development, the sperm tail is associated with the folded region of the pronuclear envelope, and mitochondria in the sperm rrudpiece degenerate (D), although the mitochondria are completely removed from the connecting piece, as shown in the serial sections E-H. Note the residual basal plate (F, G, H; arrows) and sperm centriole (H, asterisk) Following the formation of the male pronucleus (PN), the zygotic centrosome (J) is found in the invagination of the male pronuclear envelope (I, arrow) Note the presence of stacked annulate lamellae (al). Subsequently, the centnole of the zygotic centrosome undergoes duplication (K, asterisks) Scale bars represent 1 mm in A, D, and I, 500 nm in E and H, 200 nm in J and K, and 100 nm in B and C.
Intracytoplasmic sperm injection (1CSI) in Rhesus oocytes
The spermatozoon lost its plasma membrane after penetration into the oocyte and formed a sperm aster before, or concomitantly with, the decondensation of the male chromatin ( Figures  ID, 2A) . The sperm aster appears to originate from a single centriole that is still attached to at least one of the ribbed columns constituting the sperm connecting piece (Figure 1E -H; serial sections). This centnole, now transformed into a zygotic centrosome, could regularly be found in the invagination of the nuclear envelope of large male PNs and was embedded in a dense halo of pencentnolar material in which the microtubule ends are anchored ( Figure 1I -J). Although the majority of sperm mitochondria remain tightly packed around the midpiece of the sperm tail, the degenerative changes ( Figure ID ) seem to occur concomitantly with the enlargement of the male PN Moreover, the mitochondria were absent from the proximal end of the axoneme; i.e no mitochondria could be seen around the centnole ( Figure 1E -H) At the time of pronuclear apposition, the zygotic centrosome duplicates . The sperm aster starts to develop around the sperm centnole before the decondensation of sperm chromatin (A) and can still be seen at the time of pronuclear enlargement (B). At pronuclear apposition, the sperm-derived centrosome duplicates and forms two separate asters of microtubules, each containing a focus of y-tubuhn, at the tightly apposed pronuclei (C) These asters are responsible for the formation of the first nutotic spindle (D) Scale bar represents 10 mm E7 = anti-P-tubuhn mouse monoclonal antibody; Glu-tub = detyrosinated Glu-tubulin; y-tub = anti-y-tubulin rabbit polyclonal antibody; DAPI = 4',6-diamidino-2-phenyhndole.
( Figure IK ) and gives rise to two mitotic asters rich in y-tubulin ( Figure 2C ). The fibrous sheath constituting the major component of the principal piece of the sperm tail could be seen early after the incorporation of the axoneme but was absent from sperm tails associated with large pronuclei (see Figure 5F ).
ICSI-inseminated oocytes
ICSI bypasses oolemma penetration during fertilization, as intact spermatozoa are injected directly into metaphase IIarrested oocytes. In contrast to penetrating spermatozoa that lose all membranes, the injected spermatozoon retained an intact plasma membrane, nuclear envelope, and acrosome ( Figure 3A ,B)-Only the plasma membrane is absent from the sperm at the initial stage of disassembly ( Figure 3C ). The proximal centnole of such sperm is tightly bound to the ribbed columns of the connecting piece and wrapped in the intact mitochondrial sheath ( Figure 3A,B) . Thus, the mitochondria] sheath formed a barrier between the sperm centriole and the zygotic cytoplasm, and apparently must be removed to allow the blending of the maternal and paternal components of the future zygotic centrosome. Indeed, the uppermost mitochondria were absent from the connecting piece early after sperm injection ( Figure 3D,F) . Concomitantly, the basal plate ( Figure  3A ,B) connecting the sperm axoneme and the mitochondnal sheath with the implantation fossa of the sperm nucleus split apart ( Figure 3F ). Although the plasma membrane of the spermatozoon underwent vesiculation and the majority of the sperm chromatin started to decondense, the acrosome remained more or less intact, and the chromatin beneath it remained partially condensed ( Figure 3E ). Following the removal of the sperm plasma membrane and mitochondria from the connecting piece, the centriole was exposed to the zygotic cytoplasm, and the microtubule aster developed in proximity to it ( Figures  2B, 4A ). Whereas the distal end of the sperm centriole remained embedded in the dense structures of the connecting piece ( Figure 4B ), the individual microtubules seemed to emanate from the dense material found at the proximal end spindle ( Figure 2D ) Complete details of the microtubule and chromatin patterns in Rhesus monkey oocytes inseminated by ICSI, including stages at which development arrests after ICSI, is described by Hewitson et al. (1996) . Although we have occasionally found intact spermatozoa with both a plasma membrane and a nuclear envelope in the ICSI-conceived zygotes cultured for 18 h (Figure 5A ), the majority of injected spermatozoa developed into large male pronuclei, or at least had entered the process of tail disassembly. The male PN of zygotes obtained by ICSI appeared to be identical to those generated by F/F. As a rule, the association of the sperm-derived zygotic centrosome with the imagination of the pronuclear envelope was observed in both types of zygotes (see Figure II) , and the stacks of annulate lamellae ) and lntracytoplasmic sperm injection (ICSI) of Rhesus monkey oocytes The intact spermatozoon can be found beside the full-sized male pronuclei (penpheral section is shown here) in polyspermic ICSI zygotes (A, arrow). The stack of annulate lamellae (al) is associated with large PNs (B, C) and seems to be derived from the precursor of annulate lamellae (pal) regularly found near the sperm heads and PN (B) throughout PN development. Following both IVF and ICSI, the stacks of mitochondria (D) appear in the cytoplasm of fertilized oocytes, and the oocyte mitochondna become associated with developing PN (E). Note flat electron-lucent vesicles intercalated between each pair of mitochondna (arrows, D) The sperm axoneme remains associated with full-sized male PN (F), although the fibrous sheath of its principal piece is absent at that point (G) Scale bars represent 2 mm in F, 1 mm in A-C, E, and G, and 500 nm in D were regularly associated with both male and female PNs ( Figures II and 5B ,C) throughout pronuclear development These seemed to be derived from large precursor bodies ( Figure 5B ) that appeared for the first time in the vicinity of the injected spermatozoa before, or at, the time of sperm aster formation (see Figure 4A ,C) Another interesting phenomenon observed in both ICSI-and IVF-conceived zygotes was the rearrangement of oocyte-denved mitochondna, resulting in their stacking ( Figure 5D ) and in the attachment of flat mitochondria to the pronuclear envelopes ( Figure 5E ) Although present at early stages of sperm disassembly (see Figure 2G ), the fibrous sheath of an injected spermatozoon was not seen at the axonemes associated with large male PNs ( Figure 5F ,G)
Discussion
The disassembly and reorganization of sperm structures mark the beginning of embryonic development. Although there is a growing body of information on cell cycle resumption and on the initiation of embryonic transcription (reviewed by Tesank, 1993) , the corresponding ultrastructural data are still incomplete regarding axoneme transformation and sperm aster formation. This is mainly due to the minute size of the fertilizing sperm, as compared to the size of the oocyte. Therefore, we have chosen to examine polyspermic zygotes produced by IVF and ICSI to address the fate of the sperm nucleus and accessory structures after the penetration or injection of Rhesus monkey ova. This approach allows us to present new information on the ultrastructure of the early developmental events; for example the ultrastructure of the primate sperm aster is shown here for the first time. Moreover, the comparison of the ultrastructure of Rhesus monkey oocytes fertilized by ICSI and F/F may be helpful in the further evaluation of ICSI, a method with great potential for use in assisted human reproduction as well as in the preservation of endangered mammalian species.
Both the proximal and the distal sperm centrioles degenerate during spermiogenesis in rodents, in which the microtubule organizing centres, derived from maternal sources, are responsible for pronuclear union and the formation of a bipolar mitotic apparatus (Szollosi et al, 1972; Fawcett, 1975; Maro et al, 1985; Schatten et al, 1985 Schatten et al, , 1986 Szollosi and Ozil, 1991; reviewed by Schatten, 1994) . In contrast, the spermatozoa of other mammalian species, including ruminants, primates, and even marsupials, carry a functional proximal centriole (Fawcett, 1975; Sathananthan et al, 1991 Sathananthan et al, , 1996 Pinto-Correia et al, 1994; RSutovsky, unpublished data) . Following natural or in-vitro fertilization, the sperm centriole of these species starts to recruit y-tubulin and perhaps other centrosomal proteins from the egg cytoplasm, resulting in the nucleation of microtubules and the formation of a functional sperm aster around the newly constituted zygotic centrosome (Navara et al, 1994; Schatten, 1994; Simerly et al, 1995) . As shown in the present study and in the studies on sheep (Le Guen and Crozet, 1989; Crozet, 1990) and humans (Sathananthan et al, 1991 (Sathananthan et al, , 1996 , this single centriole later duplicates and participates in the formation of a bipolar mitotic apparatus.
Since the proximal centriole of human, Rhesus monkey, and other mammalian spermatozoa is attached to the ribbed columns of the connecting piece and wrapped by a helix of sperm mitochondria, it suggests that these rigid structures are being disassembled just before exposure of the centriole to the zygotic cytoplasm. Indeed, we show here that the sperm mitochondria are absent from the connecting piece of the sperm-organizing microtubules in IVF-conceived zygotes, and that the removal of mitochondria from the connecting piece can be seen in the injected spermatozoa before the formation of a sperm aster. In contrast, the sperm centriole in both IVFand ICSI-conceived zygotes remains attached to the columns of the connecting piece, which do not appear to block exposure to the zygotic cytoplasm. This observation is consistent with our recent results from a study of IVF in bovine oocytes (Sutovsky et al, 1996) , but it differs from findings on the release of the proximal centriole in pig (Szollosi and Hunter, 1973; Szollosi, 1976) and sheep (Le Guen and Crozet, 1989; Crozet, 1990) zygotes. Also, the excision of the sperm axoneme from the nucleus at the implantation fossa site, commonly seen in mammalian and other zygotes (Schatten, 1994; Fechter et al, 1995) , does not occur until after the initiation of sperm aster growth in Rhesus monkey zygotes obtained by ICSI. Thus, sperm mitochondria appear to be the only barrier against the exposure of the proximal centriole to the zygotic cytoplasm following the removal of the sperm plasma membrane. It is therefore possible that mitochondrial movement is a prerequisite for the reconstitution of the zygotic centrosome.
Several mechanisms may contribute to the disassembly and reorganization of sperm structures within the fertilized egg. One of the most likely is the reduction of sperm disulphide (S-S) bonds (Calvin and Bedford, 1971 ) by the egg tnpeptide glutathione (GSH; Weisel and Schultz, 1981) . Indeed, rapid reduction of sperm disulphides occurs after fertilization (Krzanowska, 1982; Miller and Masui, 1982) , and the decondensation of the male pronucleus is largely dependent upon the ability of the egg to reduce S-S cross-Unking (Perreault et al, 1984) . Furthermore, the membranes of the sperm mitochondria are strengthened by S-S bonds (Pallini et al, 1979) . The movement of the mitochondrial sheath, the formation of a functional sperm aster, and subsequent pronuclear apposition can all be blocked by the depletion of GSH with buthionine sulphoximine (RSutovsky et al, unpublished observations) . These data strengthen our view that the removal of the sperm mitochondria from the connecting piece leads to the exposure of the sperm centriole to the zygotic cytoplasm, thus promoting the formation of a sperm aster and ultimately leading to pronuclear apposition.
This step in the reorganization of sperm structures may well correspond with one of the stages at which fertilization arrest occurs naturally in humans (Asch et al, 1995; Simerly et al, 1995) Other causes of fertilization arrest have also been described (Sousa and Tesarik, 1994) . It is of interest to note that the mechanical handling of the sperm tail by scoring might lead to the breaching of die integrity of the sperm plasma membrane and perhaps even to the disintegration of die sperm midpiece; this treatment is substantially reported to increase the fertilization rate after ICSI (Antinori et al, 1995; Gerris et al, 1995) .
One of the most prominent features of the pronuclei in the Rhesus monkey zygotes obtained by IVF or ICSI is their association with annulate lamellae. Previously noted in human and other species (Szollosi and Hunter, 1973; Van Blerkom et al., 1987) , annulate lamellae seem to originate in the precursor bodies that are already seen near the injected spermatozoa at the initial stage of its disassembly. The trafficking of annulate lamellae towards the nucleus suggests that they are the cytoplasmic reservoirs of nuclear pore complexes (Kessel, 1992) . Like annulate lamellae, the maternal mitochondria also become associated with the pronuclear envelope during PN formation in Rhesus oocytes. This event is paralleled by the stacking of free cytoplasmic mitochondria, perhaps reflecting an increased demand for the energy to drive cell cycle-dependent phosphorylations and/or the regulation of Ca 2+ transients necessary for the transition from second meiotic metaphase to first mitosis (Soupart and Strong, 1974; Sathananthan and Trounson, 1985; Jouaville et al, 1995) .
The paucity of information on the biological basis of ICSI has led to publications urging circumspection when utilizing this and other forms of assisted reproductive technologies (Cummins and Jequier, 1994; Mortimer, 1994 , DeJonge and Pierce, 1995 , Patrizio, 1995 . The recent report of ICSIconceived human fetuses carrying serious anomalies in the sex chromosomes has both suggested cautionary usage of this form of assisted reproduction technology (In't Veld et al, 1995) and provoked considerable controversy (Liebaers et al., 19%; Hoegerman et al, 1996; Govaerts et al, 1996; Tesarik, 1996) . ICSI is often performed with poor quality spermatozoa to bypass the penetration of the egg, perhaps inadvertently allowing the perpetuation of heritable defects (discussed by Patrizio, 1995) . Following ICSI in Rhesus monkeys, some of the zygotes scored as normal (2 PN) by light microscopy were later found to be parthenogenotes developing two female PN, when examined by immunocytochemistry (Hewitson et al, 1996) , an abnormality previously reported in humans (Asch et al, 1995; Simerly et al, 1995) . Both IVF and ICSI can lead to the development of normal male pronuclei, with the only difference being the process of sperm disassembly. With zygotes obtained by ICSI, both an intact plasma membrane and acrosome were found to remain in the injected spermatozoa and persist throughout initial stages of PN formation, causing a heterogeneity in the decondensation of sperm chromatin. This finding could well raise senous concerns about the improper alignment and distribution of paternal chromosomes in such zygotes. However, it does appear that the presence of the acrosome in an injected spermatozoon does not interfere with pronuclear development (Kimura and Yanagimachi, 1995) .
ICSI has already proved to be a powerful method for the treatment of infertility, since it bypasses egg penetration during fertilization. Our data, and those of others, suggest that greater attention should be paid to the early detection of possible genetic defects contributed by the spermatozoon, as well as to the evaluation of fertilization success. Particularly, the differentiation of normally fertilized eggs from parthenogenetically activated ones remains problematic in the absence of a simple, non-invasive method to distinguish the sperm pronucleus from the female pronucleus (Van Blerkom et al, 1987; Yanagimachi, 1994) . One possibility for resolving the latter is the use in assisted reproduction of spermatozoa prelabeUed with vital dyes specifically binding to its components, such as the mitochondrion-specific dye MitoTracker (Sutovsky et al, 1996) or vital DNA-binding fluorochromes (e.g. Sutovsky et al, 1995) ; however, the use of any compound which absorbs energy (e.g. light) and transfers it to regions adjoining nuclear or mitochondrial DNA cannot be used clinically without much additional information and safeguards.
In summary, ICSI has been successfully performed using a non-human primate, and several unusual events were noted These include: the presence of an intact acrosome within the ooplasm, the heterogeneous decondensation of the male pronucleus subjacent to the intact acrosome; the massive recruitment of annulate lamellae adjacent to the male pronucleus, along with a new structure which appears to be a precursor to annulate lamellae; and the ultrastructural imaging of the spermatozoa and new zygotic centnoles along with the microtubules comprising the primate sperm aster. Application of ICSI to animals may also be important for the propagation of endangered species, and the creation of, or the maintenance of, poorly breeding, transgenic animals. In conclusion, the extension of ICSI from the clinic to the research laboratory may well lead to a greater understanding of the cellular basis of this therapy.
